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Th;s report is wbmitted to the Manned Spacecraft Center, National

Aeronaut;cs and Space Administration , Houston# Texas in accordance with
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ABSTRACT

The r_x_puter code. developed at The Boeing Company for the

evaluation of the absorbed dose in an astronaut's body are discussed. The

Apollo vehicle is anolyzed by these codese and the abmrbed dose at throe

body points is found for two lunar tmiectorles.

dose msultlng from a mlar flare is calculated.

In addition, the absorbed

These dose results indicate

that the geomagnetlcally trapped radiation does not constitute a significant

hazard for either of the two tmjectories considered. The solar flare comld-

ered results in absorbed doses ranging from 89 rods at the blood forming

organ to 1517 rods at the skin. Additional shielding will be required if a

flare of thls type Is not to produce significant damage.
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iNTRODUCTiON

An evaluation of the absorbed dose at particular points in an

astronaut's body resulting from a specified mission in a spacecraft requires

a knowledge of the following factorss

1. The intensity, energy spectrum, spatial extent, and time

dependence of the primary radiations encountered during the mission.

2. The modification of these primary radiations by the vehicle

structure, and the nature of the secondary radiation generated by the inter-

action of the primary radiations with the vehicle structure.

3. The further modification of these primary and secondary

radiations by the tissue of the astronaut's body.

The solutlon to this problem is presented in eight volumes.

describes the general procedure developed at The Boeing Company bnd

analyzes a sample spacecraft and mission furnished by NASA and gives the r

absorbed dose at three body points.

Volumes 2 through 8 descr_e the detailed operating instructions for

each of the computer codes used in the evaluation of the absorbed dose.

Details of the physical assumptions made, input data used, and the general

results obtained by each of the codes are presented.

of these volumes:

Volume 1

Following are the titles

f
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_olume

2

3

4

5

6

7

8

Van Allen.Radiat;on

Apollo Sector Analysis

Space Radiation Doses from Electron Bremsstrahlung Radiation

Electron Monte Carlo

Electron Transmission

Space Radiat;on Doses from Primary Protons

Space Radiation Doses from Protons and The;r Secondary

Radiat|ons

,i
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RADIATION ENVIRONMENT OF SPACE

_ _i̧

The space radiation environment can be described as consistin_ of two

major components, the solar flare particle events (large fluxes of charged

particles ejected from the sun coincident with the occurrence of a bright optical

flare at the solar surface) and the geomagnetically trapped radiation. Other

components of the space radiation environment, the galactic cosmic rays, the

solar wind and solar electromagnetic mdiation have little significance for short

term missions. The contribution of the galactic cosmic radiation, from 2 to 4

reins per month, is the only component which might become an important factor

for long missions.

The solar flare particle events are the major radiation hazard when the

vehicle is at some distance from the earth. The problem of predicting the

occurrence of these flares is, as yet, unsolved, in addition, the energy spec-

trum and total flux from each flare vary widely. For these reasons the solar

flare dose calculations emmade faran Qrbitmry solar flare, selected by NASA.

The major hazard fora spacecraft in a near earth orbit will be the

flux of charged particles trapped in the earth's magnetic field. The complexity

of the earth's field has made the evaluation of particle fluxes a tedious task.

Recently, however, G. E. Mclllwain (Ref. 1) has devised a parameter called

"b _, which can be readily calculated bya computer and Which is, for all

practical purposes, equivalent to a field line. Therefore, since particles mli'ror

at given values of B and between their mirrorings, follow lines of constant L_

8
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L_

construction of a plot with axes of B and L allows one to analyze particle

flux clata in two dimensions. _Thishas made it feasible to use o computer

code in calculating integrated fluxes received by a vehicle on a particular

trajectory. For o given m|ssion, the vehicle trajectory is transformed by the

computer from r, 6, _ coordinates into B, L coordinates. Then by knowing

how long the vehicle spends on each part of its trajectory in B, L space, the

fluxes are added to give the total integrated flux. The computer code which

performs this function is documented in Vol. 2 (Ref. 8) and the assumed flux

maps are referenced t.hereino These fi,.._ ..,_,-psmay be re.-|sed :s r._w or

improved data become available.

-°
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ABSORBED DOSE ANALYSIS

- .5.
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GENERA L APPROACH

When the mdiation environment has been establ ished for the mission

of |ntemst, a calculation of the absorbed dine at a particular body point

can be made. This is done in three basic steps.

First, the slab shield equivalents for various sections of the vehicle

are determined. This is accomplished by choosing solid angles of essentially

constant shielding thickness subtended at the particular body point of

interest. This body point is assumed to be at the origin of the sector analysis

coordinate system.

Second, the average tissue thickneu for the body point in each solid

angle is determined. If there is a wide range of body tissue thickness in a

particularsolld angle, itmay be further subdivided.

Third, the slab shielding computer programs are used to solve the

equivalent slab shielding problem, and to perform a weighted average of the _-

absorbed dose over all solid angles. This gives the absorbed dose at a

particular body point.

SPACE VEHICLE SHIELDING THICKNESS ANALYSIS

The method of sectoring a complex shielding arrangement such as a

space vehicle is illustrated in Fig. 1. The mdlation reaching a specified

point from outside the vehicle must penetrate mdlally through the various

10





amountsof shleldlng materlaisasshown. Each region chosen has essentially

constant thldcnesst and the fmctlonal sol id angle subtended by each region

is calculated from the vehicle design details.

in the figure shown, six regions were chosen to illustrate the method.

In practice, many regions may be necessary to descr_e a vehicle in adequete

detail, if there are several layers of different material in the spacecmftw

then the constant thickness criteria must be appl led to each layer.

_ !

HUMAN BODY SHIELDING ANALYSIS

in addition to various layers of vehicle material, radiation must pass

through a layer of tissue to arrive at an interior body point. Reference 2

presents a geometrical analysis of a seated 75-percentile man, and gives

isothickness contours of tissue as seen from twelve body points. A typical

plot is shown in Fig. 2. With the aid of these charts, it is possible to

determine the average tissue thickness that must be used as the last layer in

each sector. For the Apollo vehicle this procedure is described in Vol. 3

(Ref. 9).

"m r

SLAB SHIELDING COMPUTER PROGRAMS
.i

When the vehicle and body shielding analysis have been completed,

the orlglnal three-clirnensional problem has been reduced to a large number

of one.dimensional slab shielding problems. The appropriate computer code

is then used to calculate the unwelghted dose from each sector, or separate

slab shielding problem. This dose from each sector is then weighted by the

12
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FIGURE 2. Contour plot of tissue ;sothicknesses ;n all direct;ons about the•body

point eye.
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solid angle subtended by the sector, and the sector doses summed to give the

total absorbed dose at a particular body point. This may be represented in

the following way:

let DOSE(P) = Total absorbed dose at body point P.

DOSE(Sl P) = The absorbed dose computed behind a layer shield, Sip.

Sip = The one-dlmenslonal shielding configuration of whatever

layers, materials, and thickness specified for the solid

angle indexed by IPo

ANG(!P) = The fraction, of the flux com.lng from the !P direction.,

calculable from the angular distribution of the incident

radiation, and normal ized to be a constant unity value

for isotroplc flux.

F = The incident flux assumed, suitably normalized.

](A_lp = The fractional sol id angle subtended about the point of

interest P, by the constant shielding region IP.

NP - The total number of regions needed to complete the full

solid angle, so that the vehicle and body shielding are

divided into sufficiently small angular regions to provide

the desired accuracy.

Then: D E(P) = F

IP=-1

DOSE(SIp) ANG (IP)AJ'_.Ip

The power of this method is that very complex arrangements can be

14
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analyzed in these terms. The basic limitation is in the inherent assumption that

the mdlatlon received at the body point is primary, or unscattered. For the

thin shielding of space vehiclest this is felt to be a reasonable assumption.

The slob shielding computer codes are discussed in the separate volumes

listed below. Associated with each computer code is also a Boeing document

giving the theomtlcal development of each code and the compmhermive results.

Electron Codes

Bremsstmhlung

Vol. 4 (Ref. 10)
D2-90411 (Ref. "J)

Electron Penetration

Vol. 5 (reef.1+)
Voi. 6 (m_f.12)
02-90414 (Ref. 4)

Proton Codes

Primary Proton Code
Vol. 7 (P+f. 13)
D2-10115 (reef. 5)

Secondary Proton Code
Vol. 8 (Ref. 14)
D2-90446 (Ref. 6)
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APOLLO DOSE CALCULATIONS

ENVIRONMENT

Trapped Radiation

Calculations of the proton and electron fluxes received on two typical

lunar tmjectorles have been made using the computer program described in

Voi. 2 (Ref. 8). These tmjectorles start from a 100 nautical mile clrcularorblt

resulting from launch at Cape Canaveral and extend through the region of the

trapped radiation be Its.

Trajectory | is for injection over the Pacific Ocean on the first orbit,

and trajectory il is for the injection over the Atlantic Ocean on the second

orbit. The computer printout shows these trajectories (time from injection from

a 100 n.m. clrcularorbit, longitude, latitude, and radial distance). Table 1

shows the total integrated fluxes computed along the trajectories. As protons

2
with energy less than 20 Mev are stopped in only 0.6 g/cm of aluminum, and

since free space flux values below 20 Mev are not accurately known, only

proton fluxes of E > 20 Mev are given.

The computer printout for these trajectories follows.

16
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TABLE 1. Trajectory Parameters

Trajectory I

Protons (E > 20 Mev)

Electrons (L < 1.5)

Electrons (L > I. 5)

Tmiectory il

Protom (E > 20 Mev)

Electrons (L < 1.5)

Electrons (L > 1.5)

Fiux(cm "2)

4. 65 x 103

0

2.44x 109

3.51 x 106

in
9.61 x 10""

2.46 x 1010
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Solar Flare
i

The solar flare spectrum umd is that given by W. L. Gill (Ref. 7)

and was selected by NASA. This spectrum is shown in Fig. 3.

DOSE CALCULATION

Sector Analysis

The Apollo vehicle and human body sector analysis is described in

Vol. 3 (Ref. 9) and the results listed in Vol. 3 w;li be used in the dose

calculations that follow. The dose at three body points, eye, skin, and the

blood form_ng organs will be calculated.

ELECTRON CODES

Bremsstrahlur_/Code

The Bremsstrahlung program, Vol. 4 (Ref. 10) calculates the gamma dose

at a specified body point'resultlng from a flux of incident electrons. The

results are shown in the following computer printout.

28
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BREMSSTRAHLUNG PROGRAMS

FUELED AND UNFUELED
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Electron, Tmnsmission Code
|

The electron tmmrnission code, Vol. 6 (ReF. 12) using data generated

by the Electron Monte Carlo code, Vol. 5 (Ref. 11), calculates the absorbed

dam per unit flux of electrons of a given energy spectrum. The results are

shown in the follewlng computer printout.
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PROTON CODES

Primary Codes

The primary proton code computes the absorbed dose at a given body

point resulting from fluxes of protons. In this code, only the energy

deposition due to ionization is considered. This (_:le is explained in detail

in Voi. 7 (Ref. 13), and Ref. 5. Two computer printouts are given e one for

the Van Allen radiation belt, using the Heckmon-Arrmtmng spectra, and the

other for the solar flare spectra given by NASA. This information Is presented

in the following computer printout.
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Secondary Proton Code

The secondary proton dose code, Vol. 8 (Ref. 14) and Ref. 6t is

used to find the absorbed do_e resuitlng from the penetrating gamma rays and

neutrons generated by the interaction of the primary proton beam with the

Apollo vehicle and the body of the astronaut. In addlton, the secondary

protons generated are also followed, and their contribution to the total dose

is found. As this code is quite time consumlng t one problem Is run rather than

the complete vehicle analysis. A comparison of the secondary components of the

absorbed dose with the primary dose is shown in Fig. 4.
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DOSE RESULTS

Absorbed doses for eac.h of the three body points and for the two

trajector|es and the solar flare are given in Tables 2_and 3,

\

+

5

146

+.



,i

TABLE 2. Absorbed Dose at Three Body Points for Two Apollo M;ss;ons with a Fueled
Veh;cle in T;ssue Rads

i i i i i ii

TRAJECTORY I

INCIDENT EYE . SKIN BLOOD FORMING
PARTICLE FLUX DOSE DOSE ORGAN DOSE

i , t ii lit till |if i | i t ii t tt

pRoToNs 4.39x lo3 6.z3x lo"4 6.2xlo"4 3._ x lo"4
ELECTRONS

(L <1.5) 0 0 0 0

ELECTRONS

(L>1.5) 2.29x 109 Pen* .0 2.875x 10-4 0

Brem** . 000148 .000112 • 000143
I II |

TOTAL . 00077 . 001 . 00044

INCIDENT
PARTICLE

L i

PROTONS

ELECTRONS

(L <1.5)

ELECTRONS
II

_,,> 1.5)

TRAJECTORY II

EYE SK IN BLOOD FORMING
FLLJX DOSE DOSE ORGAN DOSE

i iii |i i t i t i t i r l

3.48x 10° .493 .49 .243

8. 82 x 1010pen * .192

Brem** . 213

2.30 x 101°Pen * 0
Brem** . 143 x 10"2

TOTAL .899

2.I 0

• 178 .204

• 287 x i0"3 0

• 112 x 10-2 .144 x 10-2
i

2.77 .448

EYE

DOSE

672

SOLAR FLARE DOSE
SKIN BLOOD FORMi NG

DOSE ORGAN DOSE
i i i i i ii j

1515 73

* Penetrating Electrons

**Bremmstrahlung

,, ill ill ml] i ill i i i
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TABLE 3.

INCIDENT
PARTICLE

Absorbed Dose at Three Body Points for Two Apollo Missions with on
Unfueided Vehicle in Tissue Rods

PROTONS

ELECTRONS

(L < 1.5) 0

ELECTRONS Pen* 0

(L > 1.5) Brem** . 00017
ml i

TOTAL .00083

°

INCIDENT

PARTICLE

I IlL I I I i I i

TRAJECTORY i

EYE

DOSE
i ill ii iiiii iii i i iii ill i Jl i jl

6. 65 x 10 "4

PROTONS

ELECTRONS Pen* .192

(L < 1.5) Brem** . 244

ELECTRONS Pen* 0

(L > 1.5) Brem** . 00166

TOTAL .964

SK IN BLOOD FORMI NG

DOSE ORGAN DOSE
ii

6.4x 10-4 3.63x 10-4

• 0 0

2. 875 x 10-4 0

.000123 .000172
i|=1 i ii i ii

.0011 .000535

TRAJECTORY II

EYE

DOSE
i i

• 527

SKIN BLOOD FORMING
DOSE ORGAN DOSE

i i|a i i

.506 .291

2.100 0
.197 .24

• 287 x 10-3 0

• 00123 .00173

2.8O .530

SOLAR FLARE DOSE

EYE SKIN
DOSE DOSE

i i i ii i i

BLOOD FORMING

ORGAN DOSE
i i r ii

681 1517 89

i|1 i i

* Penetrating Electrons

**Brernstmhlung

i i i i

148



rll ¸"

,m

3

CONCLUSIONS

The general method of determining absorbed doses described in this document

is felt to be a practicable approach for the evaluation of space radiation hazards.

The specific computer codes depend largely on experlmental input values for their

operation, and can therefore be easily revised if improved data become available.

The sector analysis technique used allows very complex shielding arrangements

to be resolvecl into simple, one-dlmenslonai, slob shielding problems. It is

•.hown that ;._ self shieldlng effect of the human body can produce marked variations in

the absorbed dose between various body points.

The Apollo dose calculations show that the trapped radiation belts do not

produce a significant dose in the astronaut's body for the tmiectorles. Repeated

exposures would be requlmd for any significant dose to be mcelved. The results

for the solar flare are more interesting, and the doses are clearly large enough to

warrent careful consldemtlon. Wlth on eyedose of 672 rads, a skln dose of 1515 rods,

and a dose to the biood-formlng organs of 73 rods, the effect of body shielding is .

emphasized. The large decrease in dose between the skin and the blood-formlng

organs indicates that the major portion of the skin dose is due to low energy protonss

which can be easily stopped by a comparatively thin slab of shleJdlng. If a flare

of this magnitude is encountered, additional shielding would seem necessary to

reduce the dose.
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